T he expansion in the late 1990s of Manitoba's dry bean production, and pulse crops in general, has provided positive economic returns for many Manitoba producers, rendering it one of the great success stories of the agricultural industry in this province. In recent years, Manitoba has produced approximately 50% of Canada's dry beans (Manitoba Agriculture, Food and Rural Initiatives, 2003) . However, this growth has resulted in an increased concern regarding (i) farmers expanding dry bean production to less suitable land, and (ii) the sustainability of growing this crop because of its interaction with soil salinity. Dry beans are among the most salt-sensitive crops (Maas, 1990; Steppuhn et al., 2001 Steppuhn et al., , 2005b ) and production of shallow-rooted (Merrill et al., 2002) , lower water-use (Halterlein, 1982; Hattendorf et al., 1988) dry bean crops in ever-tightening rotations has the potential to exacerbate the salinity status of a soil.
Th e response of crops to the environmental infl uence of salinity stress has been characterized by both linear and nonlinear models. Maas and Hoff man (1977) proposed a twopiece linear response model to describe the curved crop yield response to salinity. Th at study, with updates by Maas (1990) and Maas and Grattan (1999) , is of particular importance as from that point on (and perhaps until recently) it has been the standard reference for evaluating and classifying the relative salt tolerance of crops grown around the globe. Researchers suggesting nonlinear, sigmoidal shaped salt tolerance response functions include van Genuchten (1983) , van Genuchten and Hoff man (1984) , van Genuchten and Gupta (1993) , and Steppuhn et al. (1996) . Steppuhn et al. (2005a) suggest that a sigmoidal shaped, nonlinear, modifi ed compound-discount function would better represent a given crop's growth or yield response to increasing root-zone salinity than a two-piece linear response model. Th e case in favor of using the modifi ed compound-discount function is strengthened by Steppuhn (personal communication, 2005) who states that: "in over 15 yr of testing in Canada's Salt Tolerance Testing Laboratory except in one test crop, we have never found that the linear model (proposed by Maas and Hoff man, 1977) fi ts better than the nonlinear, modifi ed compound-discount model".
Crops have most commonly been classifi ed as tolerant, moderately tolerant, moderately sensitive, or sensitive, in terms of their response to increasing levels of salinity (Francois and Maas, 1999) . Recent work by Steppuhn et al. (2005a) suggests that a salinity tolerance index (STI) based on a nonlinear response function of crop growth to increasing salinity would most closely refl ect agricultural crop response to root-zone salinity and be more useful in making comparisons between crops in terms of their relative salt tolerance.
Th e purpose of the study was to examine soil salinity and its impact on dry bean crops in southern Manitoba. Th e objectives were to assess the extent and severity of soil salinity using both apparent (EC a , using a Veris 3100) and 1:2 ratio (EC 1:2 ) electrical conductivity in selected dry bean fi elds in southern Manitoba, and to evaluate the impact of soil salinity on dry bean crop productivity, including the development of a salt tolerance model for dry bean crops employing methods proposed by Steppuhn et al. (2005a) . All four sites were planted and produced in a similar fashion by the farmer-cooperators, including row spacing of 0.76 m. Th e Portage 03 and Winkler 03 sites were planted to Black (cultivar AC Hardblack) and Pink (cultivar ROG312) market classes of dry beans, respectively, while both Emerson 03 and Portage 04 sites were planted to Pinto (cultivar Maverick) dry beans. Seeding occurred between 27 May and 10 June in both years.
MATERIALS AND METHODS

Study Fields
Establishment of Salinity Zone Groups
Apparent soil electrical conductivity surveys were collected using the Veris 3100 (Veris Technologies, Salina, KS) in a spring survey (before planting) of all sites. Approximate measurements of shallow EC a (EC a-sh , between 0 and 30 cm) and deep EC a (EC a-dp , between 0 and 90 cm) were taken at a speed of 15 km h −1 and a transect width of 10 m. Measurements were recorded at a rate of one reading per second, corresponding to a reading approximately every 5 m along a transect. Th e EC a-sh and EC a-dp (in units of mS m −1 ) were recorded in conjunction with diff erential global positioning system (GPS) data (in units of degrees, in coordinates of latitude and longitude, using the world geodetic survey (WGS) 84 datum, obtained with a Trimble AgGPS 114 (Trimble, Sunnyvale, CA) GPS antenna/receiver with a wide area augmentation system (WAAS) diff erential correction signal. All geographic information systems (GIS) applications were conducted using ArcView 3.2 and ArcGIS (versions 8.3 and 9.0) (ESRI, Redlands, CA). Maps of EC a-sh and EC a-dp were created employing ordinary kriging methods.
Five salinity zones were identifi ed and delineated in terms of the combination of the kriged EC a-sh and EC a-dp values. In 2003 the salinity zones were 0 to 50, 50 to 75, 75 to 125, 125 to 200, and >200 mS m −1 (abbreviated S 50 , S 75 , S 125 , S 200 , and S > 200 , respectively). At the Portage 04 site, however, the range in each salinity zone was adjusted to refl ect the higher level of salinity found in the fi eld (0-75, 75-125, 125-175, 175-225, and >225 mS m −1 , abbreviated as S 75 , S 125 , S 175 , S 225 , and S > 225 , respectively). Th ree separate 100 m 2 sampling and evaluation areas were established in each zone. Th e center of each sampling area was located with Trimble AgGPS 114 GPS equipment used in conjunction with ArcPad 6.0 (ESRI, Redlands, CA), a mobile GIS application.
Soil and Crop Production Measurements and Analysis
Soil saturation extract electrical conductivity was determined twice during the growing season (2-3 wk aft er planting and at crop harvest). For each sampling area, a 0-to 90-cm depth below ground level value of EC e (dS m −1 ) was calculated for each of the two measurement dates and then averaged, termed the growing season root-zone salinity, and used in the compound-discount model (Steppuhn et al., 2005a) .
Soil samples were collected using a Dutch auger at depth increments of 0 to 15, 15 to 30, 30 to 60, and 60 to 90 cm in each of the fi ve designated sampling areas. For the 0-to 15-and 15-to 30-cm depth increments, composites of four 7.5-cm diam. soil cores were collected; and for the 30-to 60-and 60-to 90-cm depth increments, composites of two 5-cm diam. soil cores were collected, all from a radial distance within 5 m of each soil sample location. Soil samples were stored in sealed plastic bags until they could be air-dried and crushed.
Soil salinity was determined for the collected samples using a 1:2 ratio electrical conductivity (EC 1:2 ). Fift een grams of air-dried soil was weighed into a pop-top centrifuge tube, diluted with 30 mL of deionized water, and shaken for 30 to 45 min and let stand for 15 to 30 min. Th e electrical conductivity of the solution was then measured directly, in units of dS m −1 . In addition, 66 samples were selected from the low, medium, and high salinity zone treatments from each site and prepared for determination of EC e . Approximately 200 g of air-dried soil was weighed and made into a saturated soil paste according to Rhoades (1996) . Th e paste was left to stand for periods of up to 12 h before extraction by suction. Th e EC e was then measured directly, again in units of dS m −1 . A regression analysis was conducted between EC e and EC 1:2 as determined above, which showed a strong positive linear relationship, described by the following equation: Plant stand was evaluated 6 wk aft er planting. Plants were counted within six 1-m lengths of crop row randomly selected in each sampling area.
Crop dry matter (DM) samples were collected on three to four occasions during the growing season, with the fi nal sampling when the plants began to senesce. Samples were collected by cutting two 1-m lengths of crop row (1.5 m 2 ) randomly within each sampling area. Dry matter samples were oven-dried at a temperature of 65°C for a period not less than 72 h and weighed. Crop growth rate (CGR) was calculated using the following equation:
where the numerator represents the diff erence in DM (kg ha −1 ) between measurement i and subsequent DM measurement j, and the denominator represents the time interval between measurements i and j (days, d) . Th e CGR is expressed in units of kg ha −1 d −1 .
When at least some of the pods were dry and the whole plant was yellow, crop yield samples were collected by cutting six 1-m lengths of crop row randomly within each sampling area. Samples were dried in an aerated room for at least 2 wk and manually threshed. Two yield subsamples from each sampling area were ground, oven-dried at 65°C for at least 24 h and used to convert area yields to a zero percent moisture basis. Th e ground seed samples were then analyzed for N content by combustion (LECO Corp., St. Joseph, MI). Seed protein content was calculated by multiplying N (%) by 6.25. Th ousand seed weight was determined. Grain number was calculated using the following equation:
where the numerator represents fi nal grain yield (g m −2 ) and the denominator represents seed weight (g seed −1 ). Grain number is expressed in units of seeds m −2 .
Crop Salt Tolerance
Dry bean salt tolerance was assessed according to methods proposed by Steppuhn et al. (2005a) :
where Y r is the relative yield, C is the average root-zone salinity, C 50 defi nes C at Y r = 0.5, and s represents the response curve steepness. Y r was calculated for the crop yield of each sampling area using the following equation:
Where Y represents the actual yield (kg ha −1 ) and Y m represents the yield of the crop when grown in a root-zone free of salinity (Maas and Hoff man, 1977; Maas, 1990 [4]), such that yield data from all site-years could be combined and analyzed together.
In the past, a single value index for assessing crop salinity tolerance was achieved by using the value of C 50 as the index U.S. Salinity Laboratory Staff , 1954; Brown and Hayward, 1956 ). Steppuhn et al. (2005b) describe the STI as follows: If C 50 and s are combined such that the salinity level associated with a 50% yield reduction (C 50 ) along with a measure of the tendency to maintain some productive yield as the crop is subjected to increasing salinity levels approaching C 50 , a comprehensive, single-value STI is defi ned by the equation: STI = C 50 + sC 50 [6]
Th e shape of the function for salinity levels greater than C 50 is not included in this index.
Statistical Analysis
Analyses of variance and comparison of means test (Fisher's protected least signifi cant diff erence) were performed for a completely randomized experimental design using the Proc GLM procedure of SAS 8.2 (SAS Institute, Cary, NC) at an α signifi cance level of P = 0.05. Aanlysis of variance was used to compare results between the fi ve treatment groups at each site but not between sites. Levene's test for heterogeneity of variance was included in the ANOVA procedures, which in all cases confi rmed homogeneity of variances. Correlations between grain yield, grain number, seed weight, and CGR were conducted using the Proc REG procedure of SAS 8.2.
Crop salt tolerance nonlinear regression analysis was conducted using the Proc Nlin procedure of SAS 8.2. Coeffi cient of determination (r 2 , a.k.a. pseudo r 2 when referring to nonlinear regression) was calculated as follows:
where SS res is equal to the sum of squares of the residuals and SS ct is the corrected total sum of squares (Kvalseth, 1985; Schabenberger, 1998) . 
RESULTS AND DISCUSSION
Environmental Conditions
Experimental Design and Establishment of Salinity Zone Groups
Kriged maps of both EC a-sh and EC a-dp indicating the placement of the fi ve salinity zones and their corresponding three sampling areas were developed for all four site-years ( Fig. 1-4) . Th e EC a maps for the Portage 03, Winkler 03, and Portage 04 sites displayed a steady decrease in EC a away from the areas of high EC a , whereas the Emerson 03 site exhibited a seemingly random presence of high EC a . In all site years, diff erences between EC a-sh and EC a-dp prediction surfaces indicated that soil salinity increases with increasing soil depth, both in terms of extent and severity. Th erefore, salinity zones were arranged outwardly from the areas of highest EC a along a reasonably steadily decreasing EC a gradient. Th e measured values of EC e at seeding and harvest (as well as their mean) are given in Table 1 . In all site-years, the highest three EC a zones were associated with high levels of EC e . Mean EC e values for all fi ve site-years ranged from approximately 1 dS m −1 to between 9 and 11 dS m −1 . Th ere were between three to four signifi cantly diff erent EC e groupings for each site, however, in all cases, the average root-zone EC e increased in order of increasing EC a salinity zones. Th e Winkler 03 site had the lowest salinity levels for all zones compared with the other site-years, while Portage 04 expressed the highest salinity levels. Th e mean EC e values for the fi ve EC a salinity zones within a given site-year were not always signifi cantly diff erent from each other (e.g., the S 125 and S 200 zones for Portage 03 and Emerson 03). Th is is an important point when interpreting dry bean production results from this study in terms of zone eff ects. 
Crop Production Plant Stand
Dry bean plant stand was generally unaff ected by soil salinity in the two Portage site-years, with plant stands in the highest EC a zones averaging more than 80% of those zones with the most established plants (Table 2) 
Crop Growth Rate
Th e large diff erences in DM accumulation between dry bean crops of diff erent study sites (Table 3) were suspected of being largely the result of variation in crop growth between the diff erent dry bean cultivars (only Emerson 03 and Portage 04 had the same market class of dry beans), as well as diff erences in environmental conditions. Bayuelo-Jimenez et al. (2002b) demonstrated signifi cant variation in salinity tolerance and DM accumulation within numerous accessions of both wild and cultivated dry beans during early vegetative growth. Th us, direct comparisons between the same zones of diff erent sites were not practically possible (a statement also true based on signifi cant diff erences in salinity zones themselves between sites, see Table  1 ). However, it was apparent that salinity zone had a considerable eff ect on CGR. As the growing season progressed, nonsalt stressed plants accumulated DM at a faster rate, and were more productive in using existing plant material to further accumulate dry matter, as refl ected by greater increases in CGR.
Crop growth rate analysis (Table 3) indicated that during early vegetative growth (i.e., the fi rst period of CGR calculation for each site), CGR values were relatively low for all sites. However, for the highest EC a zone (i.e., S > 200 and S > 225 for 2003 sites and Portage 04, respectively), the CGR was lower than the other four zones at all four site-years during this period (though not signifi cantly lower in all cases). By the second period of CGR calculation, CGR had increased substantially (with the exception of Emerson 03) for the lowest four salinity zones, and to a lesser degree, CGR increased for the highest EC a zones, as well. All zones at Emerson 03 expressed essentially zero growth during this period, likely a function of excess precipitation. By the fi nal CGR sampling period at Portage 03 (51-67 DAP), the mean CGR levels were 290 and 66 kg ha −1 d −1 for the lowest and highest salinity zones, respectively, whereas the Emerson 03 (67-78 DAP) site had only 67 and 7 kg ha −1 for those same zones, respectively. For these two sites, there was a generally steady decrease in CGR with increasing salinity throughout the period of CGR analysis, a gap that grew over time. Th e CGRs observed for the Portage 03 site in the four lowest salinity zones from 51 to 67 DAP were much higher than the rates found in the same salinity zone levels of the other three site-years. Few previous studies have reported CGR for dry bean crops. Yusuf et al. (1999) 
Grain Yield, Seed Weight, Grain Number, and Protein Content
Th e response of grain yield, seed weight, grain number, and seed protein content to soil salinity is given in Table 4 . Th e 2004 data from Portage 04 was not included because of an early (20 August, 71 DAP) frost. Overall, results showed that the negative eff ect of increasing levels of salinity were more pronounced for grain yield than for either plant stand or plant growth rate.
As expected, the highest yields at each site occurred in the lower salinity zones: Portage 03, 2647 kg ha −1 in S 50 ; Winkler 03, 2193 kg ha −1 in S 75 ; and Emerson 03, 1707 kg ha −1 in S 50 . According to data provided by the Manitoba Agricultural Services Corporation (2003) for the 2003 growing season: average black bean (cultivar AC Hardblack) yields for the Portage la Prairie area were 2212 kg ha −1 , average pink bean (cultivar ROG312) yields for the Winkler area were 2158 kg ha −1 , and average pinto bean (cultivar Maverick) yields for the Emerson area were 2141 kg ha −1 . Besides long periods of standing water at the Emerson 03 site that would have contributed to reduced crop yield, another stress factor was large populations of kochia (Kochia scoparia L.) distributed throughout the fi eld that were not eff ectively controlled with either tillage operations or herbicide applications. Kochia is a salt-tolerant weed, so it was not unexpected to be prevalent in the study fi elds.
Yield component analysis provides an opportunity to better understand the nature of grain yield limitations due to stress. Previous research (Wagenet et al., 1983) showed a 70% decrease in number of pods and a 92% decrease in seeds per bean plant with an EC e increase from 0 to 8 dS m -1 . In the present study, grain yield was correlated with both seed weight (Table 4 and (Table  4 and Fig. 6 [r 2 = 1.00, r 2 = 0.90, and r 2 = 0.99 for Portage 03, Winkler 03, and Emerson 03, respectively]). Th erefore, grain yield changes in dry bean due to salinity appear to have been controlled by salinity eff ects on both the sink size (grain number) and source size (seed weight). Borras et al. (2004) reported that while wheat (Triticum aestivum L.) yield tends to be sink limited, soybean [Glycine max (L.) Merr.] yield is limited by both sink and source size. Dry bean grain number was also positively correlated with CGR from all sites ( Fig. 7 and 8) , which was more pronounced in the fi nal DM sampling period (r 2 = 0.95) than in the second to last DM sampling period (r 2 = 0.70). Th is suggests that CGR in the latter stages of the growing cycle was the most important contributing factor to grain number. Future research on the yield physiology of bean response to salinity stress is warranted to better understand plant responses.
Th e dry bean seed protein data (Table 4) suggests that while there were statistical diff erences in crude protein content due to salinity zone, these diff erences may be biologically insignifi cant. Th e exception is the S > 200 salinity zone at Portage 03, which had a study-high protein content of 31.4%. Th e smaller seed size (black bean) Portage 03 crop had protein content values ranging from 26.3% (S 125 ) to 31.4% (S > 200 ), whereas the larger seed size (pink and pinto bean) Winkler 03, and Emerson 03 dry bean crops ranged from 23.6 to 25.9%. Few previous studies have related seed protein content of dry beans to increasing levels of salinity, however, it has been shown that salinity reduces protein synthesis in salt-stressed bean plants (Frota and Tucker, 1978) as well as shoot N content (Cordovilla et al., 1995) . Dry bean seed protein content is a complex function (particularly if measured on a proportional basis) of numerous factors including cultivar, agronomic and environmental growing conditions, and even location within the plant, and not necessarily one factor having more eff ect than the others (Adsule and Kadam, 1989) .
Salinity Tolerance
Tolerance of dry bean yield to salinity was examined on the 2003 data and the decline in dry bean crop yield in response to increasing EC e salinity (average of measurements taken at seeding and harvest) was modeled by the modifi ed compounddiscount function. Parameters of the function are given in Table 5 Results of this study indicated that the value of C 50 for bean crops in southern Manitoba lies between 4.88 and 8.35 dS m −1 . However, the relatively poor performance of the Emerson 03 bean crop (namely the poor plant stand and reduced or even negative CGR) and relatively average performance of the Portage 03 and Winkler 03 bean crops suggest that the results of these latter two sites merit more weight in terms of reliability and reproducibility at least under the growing conditions experienced in 2003. Th at is, root-zone salinity was a greater factor in production Steppuhn et al. (2005b) developed methods (verifi ed in this study) to convert these salinity tolerance parameters with a modifi ed compound discount function to refl ect the more sigmoidal response of crop yield to increasing root-zone salinity. For dry beans, the original sources of data used by Maas and Hoff man (1977) were: Magistad et al. (1943) , Bernstein and Ayers (1951) , Nieman and Bernstein (1959) , Osawa (1965) , and Hoff man and Rawlins (1970) . Salt tolerance results of this present study diff er from results reported by Steppuhn et al. (2005b) for beans (Table  5) , who reported values of 3.34 dS m −1 , 0.289, and 4.30 for C 50 , s, and STI, respectively. Results of this study diff er from those reported by Steppuhn et al. (2005b) for three possible reasons:
1. Th e studies included in the salinity tolerance results reported by Steppuhn et al. (2005b) for beans were conducted in greenhouse or controlled environment studies and employed varieties of beans diff erent than those in this study, where products were either dry beans or green beans. (Intraspecifi c variation in salt tolerance of beans has been well demonstrated by Bayuelo-Jimenez et al. (2002b) .) 2. Th e distribution of salt within the soil rooting-zone was likely uneven in this experiment in terms of depth and time, as opposed to previous studies where it would have been more uniform. 3. Growing conditions in the 2003 crop year were ideal for dry bean production, with excellent soil moisture conditions and well timed precipitation events. Th ese conditions would have decreased the impact of soil salinity on dry bean crop growth in this growing season.
CONCLUSIONS
Signifi cant reductions of dry bean plant stand and CGR generally occurred at EC a treatment zones >200 or 225 mS m −1 . However, yield, seed weight, and grain number were reduced at EC a treatment zones starting at 75 mS m −1 . Th erefore, a good plant stand and level of biomass production during the growing season does not necessarily portend good yields. Rather, salinity appears to have a greater eff ect on yield, seeds per plant, and seed weight than on other productivity components such as plant stand and CGR. In terms of seed protein content, salinity had no negative eff ect.
Th e results of this study indicate that salinity can adversely aff ect dry bean production in southern Manitoba. However, it was shown that this relationship is perhaps less severe than the published literature would suggest. In this study, the value of C 50 was estimated to lie between 4.88 and 8.35 dS m −1 , in comparison to a value of 3.34 dS m −1 reported by Steppuhn et al. (2005b) for beans grown in controlled environments. Producers may be able to grow acceptable dry bean crops under conditions of higher salinity than previously estimated.
Th is study measured the eff ect of increasing salinity on crop growth in producers' fi elds. Although the study was limited by the inability to impose salinity zones directly and evenly, the methods used to establish salinity zones were reasonably simple, while still eff ective. It would appear that crop salt tolerance testing is possible in a fi eld environment. Although the Veris 3100 is not a true measure of EC e , it can be easily and eff ectively used to determine yield-aff ecting salinity patterns in fi elds. With a number of replications over time, under varying growing conditions, it may be possible to model factors of salinity and growing conditions and measure their impact on dry beans, as well as other crops of interest. 
